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ABSTRACT OF THE DISSERTATION

Active Metasurfaces and Their Applications

by

Aobo Li

Doctor of Philosophy in Electrical Engineering (Electronic Circuits and Systems)

University of California San Diego 2018

Professor Daniel F. Sievenpiper, Chair

Metasurfaces are sub-wavelength scale (< A/4), two dimensional (2D) periodic
structures being widely studied due to their unique ability to manipulate electromagnetic
waves in microwave and optical frequencies in fields of antennas, absorbers, surface waveg-
uides, cloaking, modulators, polarizers, lenses and imaging, etc.

Despite of the unique properties of the metasurfaces, they have limitations including
bandwdith, reciprocity or linear response especially in microwave frequencies. By applying
active electronics to the metasufaces could potentially add additional dimensions to recon-

figure or modulate the property of the surface resulting in non-linear property, swithcability,
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frequency and power dependency, non-reciprocity as well as wider bandwidth, etc. In this
thesis, we studied the benefits of loading active components on metasurfaces specifically
in areas of absorbers and transmitters, which overcomes some limitations of conventional
approaches.

The thesis first introduces the metasurfaces and their unique properties as well as the
applications. Specifically, high impedance surfaces (HIS) are widely adopted in low profile
antenna applications, surface wave suppression and artificial magnetic conductors, etc due to
existence of the forbidden band gap. Then the thesis studied the electric field enhancement of
the high impedance surfaces in both microwave and near infrared frequencies. The bandstop
properties of the HIS has great advantages in absorbers. By applying transistors on the HIS,
the absorbers could be switched and tuned, which are discussed in the 3rd chapter of the
thesis. On the other hand, the thesis also introduced a direct DC to radio frequency (RF)
radiation by applying avalanche switches to the metasurface. A non-reciprocal surface wave

metasurface absorber is introduced with time and spatial modulation technique applied.
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Chapter 1

Introduction

Electromantics [1] and wave propagations are observed, studied and applied over
a variety of fields from telecommunications, healthcare, space exploration and scientific
researches, etc. As systems are getting more and more complicated with increasingly
compact necessities, modern electronic systems require a thinner frontends interacting with
electromagnetic waves. Metasurfaces [2—-5] stand out due to it’s sub-wavelength properties
and widely applied in absorbers, field enhancement applications and atennas from microwave
to visible. With the increasing demand on reconfigurability of the system, it is essential to
enable the metasurfaces with switchability and tunability to improve the functionality of the

whole system in applications like absorbers, transmitters and antenna ground planes etc.

1.1 Metasurfaces and their applications

Metasurfaces are a topic of significant research and are used in various applica-
tions due to their unique ability to manipulate electromagnetic waves in microwave and

optical frequencies, shown in Fig. 1.1. These artificial sheet materials, which are usually



Figure 1.1: Metasurface: High impedance surface as an example.

composed of metallic patches or dielectric etchings in planar or multi-layer configurations
with subwavelength thickness, have the advantages of light weight, ease of fabrication,
and ability to control wave propagation both on the surface and in the surrounding free
space. Recent progress in the field has been classified by application and reviewed in this
article. Starting with the development of frequency-selective surfaces and metamaterials,
the unique capabilities of different kinds of metasurfaces have been highlighted. Surface
impedance can be varied and manipulated by patterning the metasurface unit cells, which
has broad applications in surface wave absorbers and surface waveguides. They also enable
beam shaping in both transmission and reflection. Another important application is to

radiate in a leaky wave mode as an antenna. Other applications of metasurfaces include



cloaking, polarizers, and modulators. The controllable surface refractive index provided
by metasurfaces can also be applied to lenses. When active and non-linear components are
added to traditional metasurfaces, exceptional tunability and switching ability are enabled.
Finally, metasurfaces allow applications in new forms of imaging.

When a wave in free space impinges on a surface, reflection and transmission
are governed by the effective surface properties, which can be described in terms of its
impedance. Frequency-selective surfaces (FSS) [6-8] have been widely studied and used in
filters, absorbers, antenna radomes, etc., due to their ability to selectively transmit or reflect
waves of different frequencies or incident angles. FSS are composed of subwavelength
periodic metallic structures. Metasurfaces, similar to FSS, provide an effective surface
impedance, which can be specifically designed and manipulated for various applications
including absorption [9-14], wave front engineering [15—-17], leaky-wave radiation [18-23],
cloaking [24-30], phase and polarization control [31-33], as well as lenses [34-37] and

imaging structures [38—43].

1.2 High impedance surface

High impedance surface (HIS) [44], first invented by Prof. Daniel F Sievenpiper
in 1999, was studied broadly in the past two decades in areas of low profile antennas [45],
absorbers, wavefront engineering, etc. A high impedance surface is composed of unit cells
with periodic, sub-wavelength metallic patches backed by a ground plane with a via in the
center conducting the top patch to the ground, the side view of which is shown in Fig. 1.2.
A simple equivalent circuit model of the HIS could be represented as a parallel RLC circuit.
The reason the surface is called high impedance surface is because at resonance, there is a

high impedance region, which could be extracted from the dispersion diagram of the surface,
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Figure 1.2: Side view of high impedance surface array with zoomed view of
resonating unit cell.

shown in Fig. 1.3. A bandgap is observed between the first transverse electric (TE) and the
first transverse magnetic (TM) mode. In other words, no surface waves are supported within
the band gap, and this interesting property can be used in applications such as de-coupling
of nearby antennas. At resonance, the image currents add up in phase at the surface showing
similar properties of the perfect magnetic conductor (PMC) surface, that are widely applied
in low profile antenna applications, since the antennas could be placed right above the
surface without A/4 distance from ground plane limitations.

Additionally, although the artificially engineered structures are able to work as the
absorber, there will be significant scattering into free space or backward reflections to other
systems which are sharing the same platform, while the reactive coating does not cover the
entire outer structure of interest. Therefore, a new type of nonlinear metasurface such as an
adaptive absorber is needed to mitigate high surface currents for decoupling other sensitive

components of the shared conductive body.
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Figure 1.3: Dispersion diagram of the high impedance surface.

1.3 Motivation

Classic examples of microwave absorbers [46], including Dallenbach [47] and
Kleinsteuber and Salisbury absorbers [48], are designed with a thickness of one-quarter
wavelength, so that the electric field of the incoming wave is maximum at the lossy layer.
Metasurface-based absorbers can reduce the thickness of the absorber greatly by using
resonant structures to increase the electric field at the surface. HIS based absorbers are
studied and used in a lot of applications for its stable response to different incident angles for
TM mode. The principle of the absorbing mechanism is shown in Fig. 1.4 for both spatial
and surface waves. The waves at the targeting frequency are trapped in the sub-wavelength
cavities of the surface due to HIS’s band stop property and further dissipated by the resistors
at the gaps between neighbouring in form of ohmic loss.

In general, metasurface-based absorbers have advantages of low profile and light



(b)

Figure 1.4: Schematic of HIS absorbers.

weight with simple metallic structures. There are, however, limitations in terms of their
absorption bandwidth, absorption rate, and air breakdown at high power. TM wave atten-
uation by lossy dielectric slabs were theoretically studied. The fundamental limitation of
the absorption bandwidth of a given passive surface was studied and proved to be directly
limited by the thickness of the absorber. Meanwhile, the passive surface has reciprocal
and linear response irrelevant with wave propagation directions and input powers, etc. A
recent research on metasurface absorbers that targeted but is not bound to these limitations
is focusing on active loading and tuning aimed at gaining more flexibility in response to
incident waves. By applying active electronics on the passive traditional antennas and

surfaces may introduce additional freedom of tuning, non-linearity and mutifunctionality,



thus enhancing the performance comparing with traditional passive solutions.

1.4 Dissertation Organization

The thesis presents the unique properties of the HIS working as a microwave absorber
and transmitter by active electronics loading as well as theoretically analysis of the field
enhancement of the resonant metasurfaces.

Chapter 1 is an overview of the metasurfaces and their applications. HIS’s property
and its applications is specifically introduced. Traditional HIS based metasurface absorbers
are reviewed and the fundamental limitations of them bring up the motivation that by loading
active electronics could enhance their performance.

Chapter 2 studied the electric field enhancement of the resonant metasurface from
microwave to near infrared frequencies.

Chapter 3 presents the principle, simulation, fabrication and measurement of the
transistor loaded high power switchable and absorption rate tunable metasurface absorbers.
An adaptive switchable function is also demonstrated.

Chapter 4 demonstrates a new type of direct DC to RF conversion high power, beam
steerable metasurface transmitter by loading avalanche transistors.

Chapter 5 reveals benefits from time and spatial modulation for absorber applications.
A non-reciprocal surface wave metasurface absorber is analyzed in simulation with a
traveling wave switching the surface.

Chapter 6 summarizes and concludes the thesis, and addresses directions for further

research.



Chapter 2

Study of the electric field enhancement

in resonant metasurfaces

In this chapter, electric field enhancement of resonant metasurface is studied. The
electric field properties (distribution and enhancement) of high impedance surfaces under
radiation are studied. It is shown that the electric field enhancement at the gap between metal
plates has linear relation with a geometrical factor and is independent of the resonator quality
factor. Conditions under which the metasurface can act as an efficient optical absorber are
also studied. At the end, wavelengths around 800 nm are suggested for silver (plasmonic)

resonators at optical frequencies to maximize the electric field enhancement.

2.1 Overview of Resonant Metasurfaces

Metasurfaces [3] are usually resonant periodic patterns designed to control the
interaction between electromagnetic fields and objects [49] . Applications include providing

an artificial magnetic conducting boundary [50] , controlling wave scattering properties, and



controlling the surface wave propagation on objects [16,51-55] . Our study is focused on
the high impedance surface (HIS) [44] shown in Fig. 2.1, in which simple rectangular metal
plates are connected to the metal ground plane by vertical vias. HISs are mostly known at
radio frequencies for their numerious applications in enhancement of antenna performance
[56] , surface waves suppression [57] , microwave absorbtion [9] , etc. Besides radio
frequencies, the electric field enhancement generated by an HIS has potential applications
at infrared (IR) frequencies such as imaging, sensing, photovoltaics, and photo-emission

[58-61].

Tl

Figure 2.1: Electric field enhancement in high impedance surfaces

At normal incidence, impinging waves do not excite current in vias of the HIS in
figure 1, therefore this structure is equivalent to a capacitive array of metallic patches over a
ground plane. As a result, the conclusions presented in the followings can likely be applied

to a wide range of metasurfaces consisting of metallic patterns separated by narrow gaps,



under normal wave incidence.

Most of the interesting properties of resonant metasurfaces occur at or around their
resonance frequency, where there is a comparatively large amount of energy stored inside
the structure relative to the incoming wave’s power. For some high power applications, such
as the engineered ground plane for high power antennas, and high power absorbers [62] , the
breakdown electric field of the dielectric is a limiting parameter. Therefore, understanding
the location of the highest magnitude of the electric field inside the cavity, and its relation
with the incident radiation and the metasurface properties is useful.

In this work, we investigated the relationship between the resonance quality factor,
geometrical parameters of the metasurface, and the electric field enhancement factor [63] .
We start with microwave frequencies where metals are nearly perfectly conducting sheets.
However, lossless metal assumption breaks down at optical frequencies, and it is common
to use the well-known experimental data for modeling noble metals [64] . Adapting the
Johnson-Christy model for silver, we extended our study to IR frequencies and included
effects of loss in our conclusions. At visible optical frequencies (and shorter wavelengths),
most of the energy is stored inside the metal rather than the dielectric (of an HIS cavity),
and the resonant cavity is formed by the metallic patch itself, that is a plasmonic resonator.
Many groups have been studying and reporting the electric field enhancement of plasmonic
resonators [65-68] .

In other words, with reasonable dimensions (larger than 1nm), it is not feasible to
implement a metasurface with significant stored energy in its dielectric layer. Therefore, the
analytical method introduced in the next section only applies to frequencies where loss is
not significant (which is up to near-IR frequencies). The results in this paper are based on

full-wave calculations using Ansys HFSS, and throughout the paper we assume a normal
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plane wave excitation. Note that some of our conclusions may change for different excitation

conditions, and we will briefly discuss this towards the end.

2.2 Electric Field Enhancement of HIS

The electric field enhancement of the HIS could be divided into two parts, which
are fields inside of the cavity of the resonant HIS and field enhancement at the gap between

neighboring elements, where strongest field occurs.

2.2.1 Electric field enhancement in the cavity

At radio frequencies, the unit cell of the metasurface shown in Fig. 2.1 was modeled
in Ansys HFSS as Fig. 2.2 (a). Periodic boundary conditions were imposed using PEC and
PMC sheets around the unit cell. Wave port excitation with the appropriate polarization
and phase de-embedding to the surface has been performed. This metasurface could be
equivalently modeled as a parallel RLC circuit, shown in Fig. 2.2 (b), where R = 377Q
represents the radiation loss into the space, L is the inductance due to the separation between
the capacitive layer and the ground plane, approximated by uh, where u is the material
permeability and £ is the thickness of the substrate, C is the capacitance due to the gaps
between the patches, approximated by M cosh™! <§> where w is the width of the
patch, €; and €, are the permittivities of air and substrate separately, a is the period of the
surface and g is the gap width. Note here we are assuming that the capacitance between the

patch and the ground is negligible comparing with the capacitance between neighboring

patches.

11



Eave
Q= & (2.1)
Einc

The E,y calculations are performed by averaging the electric field over the dielectric volume

as well as the metal patch and ground planes at the IR frequency.

PEC -~
¥ oo

1 PMC
<

W+g
(a) (b)

Figure 2.2: The electric field enhancement at the gap (a) Unit cell of the modeled
metasurface in HFSS, in which g is the gap size, 4 is the thickness of the substrate
(Rogers 5880 for microwave region, SiO; for IR frequencies), w is the width of
the patch with material of gold, (b) Equivalent circuit model of high impedance
surface at normal incidence (L and C values are defined in [69]).

Since the Q of a parallel RLC is the ratio of the capacitor to the resistor impedances
(Q = ®RC), and they share the same applied voltage, it is straightforward to show that
0= ;—:, in which I is the parallel source current, and /. is the maximum current across the
capacitor at resonance.This suggests that the ratio of the average magnetic/electric field

inside the cavity of the HIS to the incident magnetic/electric field scales linearly with Q, i.e.
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As a verification, we confirmed equations. (2.1) for several HIS with different quality
factors both at microwave and IR frequencies, as shown in Fig. 2.3. For the microwave
frequency (2.4 GHz) simulations, Rogers RT 5880 was used as the substrate, and perfect
electric conductor (PEC) sheets were used as the conducting patches and the ground plane.
For the IR frequency (A = 10um) simulations, silicon dioxide (SiO,) was used as the
substrate, and silver patches and ground planes were used with the thickness of 10nm and
100nm, respectively. The chosen 100nm thickness is much greater than the skin depth
which is 12nm at 30 THz. Figure 3 confirms that, at microwave frequencies, Q versus the
field enhancement curve is a straight line with the slope of nearly unity, as equations (2.1)
predicts. The small discrepancy from the slope of unity is due to the fringing electric fields
at the gap which stores a small fraction of the energy in air outside the cavity. Fig. 2.3 also
includes three curves for IR frequencies: (a) when Johnson-Christy (JC) permittivity model
was used for silver, and the ohmic loss was disregarded by assigning a large conductivity,
(b,c) when JC permittivity and conductivity models were used for silver, and the electric
field is plotted as a function of both the cavity Q and the radiation Q called Q;,q which is
calculated as 1 /oL from equivalent RLC circuits model (i.e. the ohmic loss is disregarded
in Q calculations, but is considered in the electric field calculations).

Equations. (2.1) is a general conclusion which is valid regardless of the nature of
the loss (radiation or ohmic). This is confirmed in Fig. 2.3 for both lossless and lossy
metal patches. However, another interesting observation occurs when we try to adjust the
dimensions to achieve higher Q at IR frequencies.As we adjust the cavity dimensions to
achieve higher Q,q, the ohmic loss dominates the radiation loss, and the total Q saturates to
a maximum value called Qnax. Equations( 2.1) is valid even in the presence of the ohmic

loss, however it is not possible to realize Q (and therefore field enhancement) larger than
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Figure 2.3: Average magnitude of the electric field enhancement inside the cavity
as a function of Q.

5 at IR frequencies for our geometry. As the designed Q;,q increases further above 5, the
radiation loss decreases and the ohmic loss increases accordingly (since the E,y. and hence
the stored energy inside the cavity is fixed). This is an important conclusion for designing
resonant metasurface absorbers for IR frequencies, in which increasing the ohmic loss is
desired. We may maximize the absorption by maximizing the Q;.q. This may seem intuitive,
but the point is the limited average electric field inside the dielectric which leads to a fixed
stored energy inside the structure for Q;,q > Omax, regardless of the Q,,q value. In summary,
for an IR absorber, (a) a Qg > Omax 18 desired, and (b) the absorption rate can be readily
quantified using the designed Q,,q. (Calculation of Q,,q is relatively simple as the cavity’s
materials are assumed lossless.)

Note that the maximum achievable Qnax of 5 is for the specific combination of silver
and A = 10um. This value may change at other wavelengths and using a different metal.

Calculation of the Q in the simulations can be performed based on the phase of the reflected
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wave at resonance, if the cavity is not too lossy, or based on the electric field enhancement
regardless of the loss existence in the cavity. The two approaches are explained in detail,
towards the end. Table. 2.1 lists dimensions of the simulated structures in Fig. 2.3 The gap
sizes of the structures are fixed at 0.02 A and thickness of the substrates % is swept to give a
wide Q coverage, thus width of the unit cells w is tuned accordingly to keep the resonating
frequency unchanged.

Besides the E,ye, another interesting quantity is the maximum electric field magni-
tude inside the cavity, which usually occurs at the gap between patches. This quantity is
important for high power applications at microwave wavelengths, besides the numerous
applications that the electric field enhancement has at IR and optical frequencies including

imaging, spectroscopy and bio-applications [70-72].

2.2.2 Electric field enhancement at the gap

Similar to the E,ye inside the cavity, one might intuitively expect cavities with higher
Q can provide higher maximum electric fields at the gap between patches (Egap). However,
we can easily show that the Eg,;, is independent of the O, and only depends on a geometrical
factor (the ratio of the gap size to the period of the surface, represented as G) and the incident
power. In other words, by increasing Q below Qnax, the stored energy inside the cavity

(and thus the average electric field inside the cavity) will increase, without affecting the

Table 2.1: Dimensions of the simulated HISs used in Fig. 2.3 (w and h of the
cavities are adjusted according to the Q value)

Material A w h g
PEC 122 mm 0.03A-0.325A | 0.01A-0.16 A | 0.02A
Silver (w/o loss) 10um 0.052A-0.348A | 0.01A-0.16 A | 0.02 A
Silver 10um 0.055A-0.250 0.01A-0.16 A | 0.02 A
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maximum electric field at the gap between patches.

One approach to obtain the Egyp, is to start with the definition of the Q as,

Maximum Stored Energy (2.2)

0 =g X

Y

LostPower

in which ®g is the radial frequency. At resonance, the stored energy is Ugored = %CVZ,
where C is the edge to edge capacitance of patches, and V is the average voltage across
their gaps, related to the electric field by V = E,,,, X g, where g is the gap size. Although
the equation for C is known [69] , we found it more accurate to first find the equivalent
inductance using uph, and to convert it to C using ®g = \/;ITC Simple manipulation of the
equations leads to the stored energy as,

1B

i
Ustored = 2 L (2.3)
0

In the absence of the ohmic loss, radiation is the only energy dissipation mechanism, which

equals the incidence power as,

[Eo x (w+g))?

2.4
n (2.4)

Ploss - Pinc =

I

Replacing equations. (2.3) and equations. (2.4) into equations. (2.2), and equating it with

the quality factor of a parallel RLC circuit (Q = (DL;L) leads to,

2(w+
Egap = % x Eo, 2.5)

As the HIS’s reflection phase of the resonance frequency is 0, the reflected wave adds

up in phase with the incoming wave and forms a standing wave at the space above the
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surface, which contributes another factor of 2 to the electric field enhancement at the surface
indicated in equations. (2.5) above.

As another important conclusion, equations. (2.5) suggests that the Eg,, (Which
is indeed the maximum electric field in the cavity), only depends on the geometrical
factor (G = WT“Lg) and the incident power, independent of the resonator quality factor. This
conclusion is accurate if the ohmic loss in the resonator is negligible, which is indeed the

case at microwave frequencies. In order to incorporate the ohmic loss, we start with

die metal
U + U

(2.6)
Prad + Pohrnic

Q=wp

b

in which Ud® and U™ are the stored energies in the cavity dielectrics and metals, re-
spectively and Pr,q and Pyhmic are dissipated powers through radiation and ohmic loss,
respectively. Since the conductivity of metals is usually high even at near IR wavelengths, it
is a reasonable approximation to assume UM% = qU%¢ where o is a coefficient (typically
much smaller than unity at RF frequencies).

Then, using Prad + Pohmic = Pinc and equations. (2.4) and equations. (2.6),

Eg 1 0
—= =2G——— | = 2.7
Ey vVi+a Qrad7 @7

In order to interpret equations. (2.7), we use one of the conclusions in Figure 3. That is,
depending on the ohmic loss in the cavity, there is a maximum achievable resonance quality
factor, Omax. This value in Fig. 2.3 is around 5. Below Qnax, the radiation loss dominates
the ohmic loss, meaning Q = Qr,q. This will simplify equations. (2.7) to equations. (2.5).

As we try to increase Qr,q by adjusting the cavity dimensions, we reach Q = Qnax due to
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the loss, and equations. (2.7) simplifies to,

Eg Qmax
8 _92G, | —=max 2.8
EO Qrad(1 + OC) , ( )

Based on equations. (2.8), as we adjust the cavity dimensions to achieve higher Qy,q,
the ratio of Eg,, to the incident electric field decreases. Moreover, as we reach the Qg
for the cavity, the stored energy inside the cavity and the total loss will remain constant. In
this regime, increasing Qr,q Will cause the radiation loss to decrease and the ohmic loss to
increase. This is the regime which is useful for designing absorbers, as we concluded from
equations. (2.1) as well.

We confirmed equations. (2.8) by simulating the Eg,, for several HIS geometries as
a function of G while Q is constant, and as a function of Q while G is fixed. Fig. 2.4 shows
the results for geometries both at microwave and IR frequencies. In Fig. 2.4, we used the
same substrates and metal models as Fig. 2.3. The dimensions of the simulated structures in
Fig. 2.4 are also summarized in Table. 2.2. Note that, For the Fig. 2.4 (a), in order to keep G
constant, w and g were fixed and h was varied to sweepQ;,g from 2 to 10. For the Fig. 2.4

(b), when w being fixed, g is swept varying G from 2 to 28, while / is tuned to remain Qg

unchanged.
Table 2.2: Dimensions of simulated HISs used in Fig. 2.4.
(Unless
Material A w h g speci-
fied) Q
104 - 1.22- 1.22-

PEC 141 mm 282mm o oSmm | 1225mm | O

1Sc:¥)er WOl 59 152um | 4um 01-1pm | 0.1-1pm |8

Silver 10 um 0.6 —2.6pum | 0.1-1um 0.2-2um 8
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Figure 2.4: The electric field enhancement at the gap (a) as a function of Q, and
(b) as a function of G.

Fig. 2.4 confirms that, in case of negligible ohmic loss, the electric field enhancement
at the gap scales linearly with the geometrical factor, and is independent of the Q. Similar
to Fig. 2.3, the gap field enhancement at IR frequencies in Fig. 2.4 (a) is plotted using JC
silver model with and without disregarding the ohmic loss. Fig. 2.4 (a) also confirms that
for Qraq < 5, radiation forms the dominant loss mechanism in the HIS, and equations. (2.7)
simplifies to equations. (2.5). However, for Q;,q > 5, equations. (2.7) can be used, and

increasing Qraq decreases the Eg,p. In other words, minimizing the Qr,q and maximizing
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G will lead to the maximum Eg,,. This conclusion is important if one intends to maximize
the gap electric field enhancement using HISs with ohmic loss (e.g. at IR and optical
wavelengths).

Fig. 2.4 (b) also includes the gap field enhancement assuming silver (with loss) for
two Qs smaller and larger than 5. As expected, Q = 1.6 yields similar results as the lossless

case, while the results of Q;,q = 10.6 deviate significantly from the lossless case.

2.3 Further discussion at IR frequencies

In the previous section, there was the assumption of o < 1 in equations. (2.6) which
is valid if the wave does not penetrate considerably into the metallic sheets. This is a
good approximation at frequencies lower than deep infrared. The high conductivity of
the metal will cause the resonant electric field confinement inside the dielectric region.
This confinement is very difficult at near IR and visible optical frequencies (and becomes
impossible for shorter wavelengths). As a result, plasmonic resonances inside the metallic
patch becomes more important for the optical electric field enhancement.

Several studies have been performed on the electric field enhancement due to plas-
monic resonances (for single particles, clusters, arrays, etc) [66, 73, 74] , in which the
accuracy of the material models (especially at the boundaries) are crucial. Due to the tempo-
ral dispersion of the plasmonic material (such as gold and silver), optimum wavelengths may
exist to maximize the electric field enhancement. In this section, based on the results from
previous sections, we decide to keep G and Q;,q constant as we compare structures with
different resonance frequencies. This ensures that radiation loss in different implementations
is the same, and the field enhancement at the gap is only dependent on the ohmic loss (since

G is also a constant). Note that the value of the metal conductivity at different frequencies is
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not a good criteria for loss evaluations. In fact, both zero and infinite conductivities lead
to a zero loss value. Depending on the geometry and electric field distribution, specific
(limited) conductivity values lead to a large ohmic loss. For example, Fig. 2.5 shows the
electric field enhancement of an HIS with O, =7 and G = 13.8, as the conductivity of the
metal sheets is varied (artificially). There is a value of the conductivity which minimizes the
field enhancement (at which the ohmic loss is maximum). The conductivity and the relative
permittivity of silver (JC model) are also shown in Fig. 2.5 (b). In other words, the higher
conductivity of silver at lower wavelengths in Fig. 2.5 (a ) does not lead to a lower ohmic
loss.

Fig. 2.6 shows the electric field enhancement of HISs with Q;,q =2 and G = 2. Based
on Fig. 2.6, there is a clear peak in the field enhancement at wavelengths around 800 nm.
Although Fig. 2.6 is obtained based on a specific geometry, it is possible to generalize the
conclusion and expect silver material to provide maximum plasmonic field enhancement
at wavelength around 800nm. This conclusion may be useful in designing plasmonic
resonators to achieve high electric field enhancement since their resonance frequency can be
adjusted by their physical dimensions. Note that the field enhancement in Fig. 2.6 is small
since we used a low O ,q = 7 to ensure electric field confinement in the dielectric (rather
than the metal). This was only done to increase the accuracy in our comparison. The field
enhancement of different HISs with Q;,q = 10 and G = 14 are also plotted in Fig. 2.7 for IR
wavelengths. The visible wavelengths have been removed from this figure due to the lack of
sufficient accuracy.

In all of the geometries in Fig. 2.5 and Fig. 2.6, the thickness of the metal patch
and the ground sheet are fixed at 5Snm and 200nm, respectively. The ground plane is thick

enough to remain 10 times larger than the skin depth in the whole wavelength span. The
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Figure 2.5: (a) Egyp /Einc of a silver HIS with the conductivity 6 = n x Gag, Where
Gag is the conductivity of silver at 30 THz. The HIS dielectric is SiO, (b) Silver
conductivity and permittivity as a function of wavelength using JC model.

gap size and the thickness of the SiO, substrate are also maintained larger than 1 nm to be
realistic. The radiation quality factor is calculated using 1/®oL, which can be derived from

the equivalent parallel RLC circuit.
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Figure 2.6: Eg.p/Eincof silver HISs at different IR and visible wavelengths. Q and
G for all of the HISs are both fixed at 2.

2.4 Q calculation discussion

There are multiple ways of calculating the quality factor for a resonant structure. One

1
FBW?>

popular way of defining the resonance quality factor is by using the bandwidth, Q = in
which FBW is the fractional bandwidth of the resonant structure. This fractional bandwidth
can be easily found from the 3 dB bandwidth of the magnitude of electric field at the gap, as
shown in Fig. 2.8. If the geometry is lossless, or has negligible ohmic loss, the fractional
bandwidth can also be found from the —90° to +90° reflection phase bandwidth at the
surface with a plane wave excitation.The later method is faster and easier, however its
accuracy decreases as the ohmic loss increases. This can be easily verified from the circuit
model of a resonator including loss. Fig. 2.8 (a) shows how the two methods lead to the same
FBW for a lossless structure with dimensions w = 28.2mm, g = 2.45mm and 47 = 4.9 mm,

and Fig. 2.8 (b) show the reflection phase of the same structure as its metal conductivity is

varied.Except for the very high and very low conductivity values, the reflection phase does
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Figure 2.7: E,,p/Eincof silver HISs at different IR wavelengths. Q and G for all of
the HISs are fixed at 10 and 14, respectively.

not lead to an accurate fractional bandwidth.

2.5 Conclusion

The electric field enhancement inside a resonant metasurface was studied at different
frequencies. It was shown that the field enhancement at the gap between metal plates
with negligible ohmic loss (such as at microwave frequencies) has linear relation with a
geometrical factor (G) and is independent of the quality factor (Q;4q). In case the metal
is moderately lossy (such as at IR wavelengths), increasing Q;.q causes higher ohmic
loss which decreases the electric field at the gap. At the visible optical frequency range,
wavelengths around 800 nm seems to provide the lowest ohmic loss and hence the maximum
electric field enhancement at the gap. These conclusions are useful for a wide variety of
applications, such as for nonlinear absorbers [75,76] , ground planes for high power antennas

or microwave sources, and optical structures which require high field enhancement [77-79].
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Figure 2.8: (a) The FBW of a lossless HIS using the reflection phase and the
electric field at the gap, (b) the reflection phase of an HIS with different metal
conductivities and the dielectric permittivity is 1.75

Chapter 2 is based on and is mostly a reprint of the following paper: A. Li, E. Forati,
and D. Sievenpiper, ”Study of Electric Field Enhancement in Resonant Metasurfaces”,
Journal of Optics 19, 125104, 2017. The dissertation author was the primary author of
the work in this chapter, and the co-author has approved the use of the material for this

dissertation.
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Chapter 3

High Power Transistor Loaded Active

Metasurface Absorber

In this chapter, a switchable and tunable high power active metasurface absorber
is studied. High power signals traveling along the surface of the shielding of transmitter
systems may leak into the system through openings between connecting parts and cause
damage to vulnerable electronic devices. This problem could be alleviated by implementing
lossy coatings or recently developed passive power-dependent nonlinear surfaces. However,
these solutions will either suppress the performance of the electromagnetic devices being
shielded or be highly power dependent. Applying transistors creates an active non-linear
meta-surface that can allow the absorption of the surface to be directly controlled by the
system, or tuned in response to the local power level using feedback control. This can
provide a sharp absorption response with a wide range of controllable power threshold.
Different absorption rates at the same power level can also be achieved by applying different
biasing to the transistors. In this paper, the first transistor based, thin, switchable and tunable

high power surface wave absorber is proposed with full wave and circuit co-simulation
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analysis as well as waveguide and anechoic chamber measurement.

3.1 Introduction and Motivation

Microwave absorbers are widely studied because of their absorbing abilities that can
suppress transmission and reduce reflection or scattering for radar absorber applications [80—
83]. Another important role that microwave absorbers are playing is to absorb energy
of incoming signals to protect sensitive electronic devices from being disrupted or even
damaged when input power is high enough, and couples into the system through apertures
on the metallic body that support the system.

One approach to mitigating high power microwaves is to deploy conventional ab-
sorbers on the surface of the object to alleviate scattering or energy transmission. However,
this coating material is usually expensive, thick and bulky, and it may have negative effects
on the performance of the front-end of shielded communication system, like transmit or
receive antennas.

Frequency selective surfaces (FSS) and metasurfaces working as microwave ab-
sorbers have been proposed and applied in many studies [9, 84-90], because these sub-
wavelength periodic metallic units have advantages of low loss, low cost, low profile and
unique high performance in various applications such as conformal antennas [45], wavefront
engineering and advanced imaging systems. For metamaterial perfect absorber (MPA),
related works have been done in both RF and optical frequencies in applications of cloaking
as well as energy absorption. The conventional metasurface absorbers are generally passive
and have the same response regardless of the incident power and waveform, thus may be
limited in applications when devices to be shielded are working at the same absorbing fre-

quency bands. Therefore, tunable absorbers [12,91,92] are studied and further research has
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been carried out by loading the metasurface with lumped elements and diodes to introduce
non-linearity [11, 14,46,75,93-98]. This non-linearity could either be power-dependent
or waveform-dependent or both, enabling the surface to respond differently to various
incoming signals. The active frequency selective absorbers could be tuned to absorb at
different frequencies by tuning the biasing of the PIN diode to achieve a wide band absorber
in normal direction. However, a large area of active absorber that may require thousands of
PIN diodes would draw a large amount of current, which may make it impractical. On the
other hand, as diodes only turn on when the voltages across them are greater than the turn-on
thresholds (typically 0.4 V for schottky diodes and 0.7 V for PIN diode) conventional diode
based nonlinear absorbers are limited to specific power ranges.

In this work, we propose the first transistor based tunable and switchable surface
wave absorbing metasurface. It provides surface wave suppression to protect electronic
devices from leakage of high power signals or surface currents through discontinuities in the
enclosing structure, as indicated in Fig. 3.1 Compared to the diode-based absorber, the use
of field-effect transistors (FET), gives an additional degree of freedom because absorption is
controlled through the gate voltage, rather than the diode turn-on voltage, making this surface
switchable and tunable at both low and high microwave power levels. In other words, this
transistor based absorbing surface could be turned on or off at both high power for protection
purposes and at low power for scattering or communication purposes. Furthermore, the
absorption rate can be easily tuned by adjusting the bias voltage of the transistors, which
will be introduced in this paper. Comparing with adopting diodes for switching purpose,
FETs can be maintained in a particular tuning state with no static power draw, since they
are voltage controlled. On the other hand, FET’s drain-source channel is symmetric, which

allow signals conducting in both ways, the active absorbers we are proposing could be
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Figure 3.1: Conductive body covered with transistor based absorbing surface
which can protect sensitive equipment from being damaged by high power inter-
ference by turning on the absorber through transistors, meanwhile it can sustain
communication when the absorbing surface is turned off.

tuned without damaging its linearity. We first demonstrate the absorbing response of the
transistor loaded metasurface with electromagnetic and circuit co-simulation, and then show
the switching and tuning capability of the surface in a waveguide measurement. In order to
further verify the surface current suppression performance, we demonstrate a large array of
this surface with a slit in the middle representing the discontinuity of the surface. A large
difference in attenuation between ON and OFF state leakage through the slit is observed
in the chamber measurement, which matches well with the difference of the magnitude

of the radiation pattern in the ON and OFF states. Compared with conventional nonlinear
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absorbers, this transistor-based absorbing surface has a sharper response to the amplitude of
the input power level. Finally, we demonstrate that we can provide feedback using a power
sensor and LabVIEW based control system to provide an even sharper response, turning on

the absorption at any prescribed leakage power level.

3.2 Non-linear Absorber Analysis

The mechanism of this absorbing surface is based on the surface wave suppression
property of the HIS. It is composed of periodic sub-wavelength metallic patches with
centered vias connecting the patches to the bottom ground plane. It has a bandgap between
the transverse magnetic (TM) and transverse electric (TE) surface wave modes, and it does
not support surface waves within the forbidden gap. Near the band edge, incoming fields
are enhanced by the resonance of the surface [63], and if losses are included the wave can
be highly attenuated. If such a material is deployed on the outer enclosure of an object to
be protected, it can effectively suppress surface currents, and thereby minimize leakage
through apertures, openings, or discontinuities in the enclosure.

The surface can be modeled as a paralle RLC circuit where the resonance frequency
is Wy = ﬁ in which L is the equivalent inductance determined by the thickness of the
surface, and C is the equivalent capacitance of the gap between neighboring patches. The
quality factor (Q) of this HIS resonator is related to the gap resistance. A parallel RLC
circuit’s Q is represented as Q = &, in which R is the resistance at the gap, and, where is
the permeability of the substrate, and is its thickness. When the surface is illuminated with
microwaves, the concentration of charge across the gap also leads to current through the
resistance, causing absorption. Further this R can be tuned to adjust the absorption rate and

bandwidth, as it affects the quality factor of the resonators that make up the surface.
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In order to make this absorbing metasurface tunable and switchable, we introduce
active components in the form of transistors at the vias of the metallic patches. This
will allow the topology of the surface to be manually transformed, thus having different
absorption response to incoming waves shown in Fig. 3.2 (a). We connect the center of the
via to the drain of the FET transistor and connect the source of the transistor to the ground
plane. The drain to source channel can be turned on and off by applying different DC biases
(positive or negative bias respectively depending on the threshold voltage of the transistor).
For an ideal transistor, the drain to source resistance is zero in the ON state (positive gate
biasing), which connects the via to the ground, creating a high impedance surface and
allowing high absorption of surface waves. On the contrary, in the OFF state (negative
gate biasing), the drain to source channel resistance for an ideal transistor is infinite, and it
appears as an open circuit, which disconnects the via from the ground. This transforms the
surface from an HIS into simple array of periodic patches backed with a conducting ground
plane, and eliminating the resonance as seen by surface waves. In this state, the structure is
essentially a conductor-backed frequency selective surface [6], which has a much higher
resonance frequency, and thus lower loss within the band of interest. Hence, it will support
surface wave propagation with very low absorption. In addition, when the gates of the
transistors are biased with a voltage level between ON and OFF states, the drain to source
channel will show different equivalent resistances, which changes the quality factor of the
surface and adjusts its absorption. In this case, a tunable absorption rate will be observed
with different gate biasing voltages.

Besides the topology mentioned above, another transistor-based switchable and
tunable surface is represented in Fig. 3.2 (b). Instead of at the vias, transistors are placed at

the gaps between the plates, in parallel with the gap resistance. In this structure, the drain to
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Figure 3.2: Transistor-loaded metasurface in the ON and OFF states for surface
wave absorption. (a) Transistors loaded at the via. (b) Transistors loaded at the gap.

source channel can also be controlled by the bias voltage at the gate. For the transistor’s
OFF state (negative gate biasing), the drain to source channels are turned off and the surface
is highly absorbing. For the transistor’s ON state (positive gate biasing), the drain to source
channels are shorting the resistors at the gaps and connecting all the top patches together,
which makes surface look highly conductive, and thus reducing absorption. Similar tunable
states are expected to be seen as with the former topology. The following chapter will

discuss about the simulation and measurement of these two structures.

3.3 Co-simulation and Waveguide Measurement

Two topologies (A and B) of the transistor loaded HISs are designed and co-simulated
with HFSS and Ansoft Designer. The elements of topology A and B are implemented as

shown in Fig. 3.3 (a) and Fig. 3.3 (b) respectively. For topology A, to avoid positioning the
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Figure 3.3: The element top view of the two topologies in which, orange color
metal represents the surface patch, while blue metals are pad for transistors
(NE3503M04 is used here) and purple rectangular represents the position of the
2 kQ gap resistors. (a) Topology A with a pair of transistors at the center vias, in
which p=15.6, W=13.6, g=2, a=5.38, b=10.76, w=2.76 (all in mm). Note p is the
period of the unit cell. (b) Topology B with a pair of transistors at the gap in which,
p=17.5, W=15.5, g=2, a=2, b=1.75, c=1.5 (all in mm). Note p is the period of the
unit cell. (c) Side stack view of the structure for both topology A and B.
transistors inside the substrate, we designed a pair of transistors on the surface to connect
their drains to the outer ring of each patch and their source to the inner pad which is attached
to the via. The gates of the transistors are connected through additional vias from top to
the biasing network layer, which provides bias voltage to the gates of all the transistors
simultaneously in order to control the whole surface’s electromagnetic properties. The 2

kQ resistors are placed at the gap between neighboring elements, aligned with the E field

direction at the gap which is perpendicular to the edge of the units along the surface (k
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direction in Fig. 3.4). For topology B, a pair of transistors are placed at the gap in parallel
with the resistor, their drains and sources are connected to the neighboring elements. The
gates are connected through vias from top to the biasing network layer. The centers of the
elements of both A and B are shorted to the ground layer with a through hole plated via with
radius 0.5 mm. Rogers RT5880 with thickness of 3.125 mm is used as the substrate for both
topologies. For the biasing circuits layer, we used 0.127 mm thick FR4 as a substrate. The

side view of the stack is shown in Fig. 3.3 (c), which applies to both A and B topologies.

3.3.1 EM/Circuit Co-simulation

PMC

Figure 3.4: HFSS simulation model of nine unit cells with top and bottom PEC
walls and two side PMC walls as a two-dimensional array when TM wave excited.

In order to evaluate the absorption performance of the proposed two topologies,
we here implemented HFSS’s full wave simulation [93] of an array of nine elements with
periodic boundaries for two side walls excited by two wave ports at the left and right side,
and PEC boundary for top and bottom walls when TM excited, shown in Fig. 3.4. As the
target center absorbing frequency is 2.2 GHz which lies in the frequency range of waveguide
WR-430, the same height (54.61 mm) of the air box is chosen to be aligned with real

waveguide measurements. For TM excitation, the top and bottom of the air box is assigned
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to be PEC boundary and the two side walls are assigned to be PMC (periodic boundary for
TM excitation) thus representing the structure located in an ideal TEM waveguide. Lumped
ports are assigned for gap resistors and transistors drain and source channels at their intended

locations.
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Figure 3.5: Co-simulation results of the switchable absorption results of the non-
linear absorbers (a) Topology A (-3 V for OFF state, 1 V for ON state). (b)
Topology B (-3 V for ON state, 1 V for OFF state).

Full wave simulation provides the S-parameter matrix of the passive part of the
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absorber, from which when imported to circuit simulators (ADS or Ansoft Designer), then
connected with transistors and resistors to the corresponding lumped ports. Two wave ports
are connected to microwave excitation and receiving port respectively with impedance set to
be characteristic impedance of the wave port of the model. Absorption performance of the
surface can be studied in time domain circuit simulations. We include a full SPICE model of
the transistor (NE3503M04) including parasitics and the resistors in the transient simulation.

We can easily derive the absorption rate of this surface wave absorber by,

Abs(f) = 1 =T (f) = R(f), (3.1)

in which Abs is the absorption rate, T and R are the frequency dependent transmitted power
and reflected power respectively. In circuit simulations, we bias the gate of the transistors
in circuit simulators to turn the transistors on and off by providing positive (O~1 V) and
negative (-3 V) biases respectively. The switchable absorber’s simulated results are shown
in Fig. 3.5 (a) and Fig. 3.5 (b). For both topologies, we could see over 80% peak absorption
in the ON state and less than 10% absorption rate in the OFF state, showing good switching

ability.

3.3.2 Waveguide Measurement

With the optimized structure, we fabricated a small array indicated in Fig. 3.6 (a) and
Fig. 3.6 (b) for both topology A (six by nine unit cells) and B (five by eight unit cells) with
dimensions the same as indicated in Fig. 3.3 (a) and Fig. 3.3 (b) respectively and measured
in the standard WR-430 TE waveguide. Note that TEM waveguide is used in simulation
only for simplification of simulations. Power amplifiers (Ophir 5022 and 5193) are used to

provide different levels of input power. Several power meters (Agilent N1911A) are used to
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detect the incident, reflected and transmitted power at the waveguide in real-time, with the

measurement controlled by LabVIEW. The measurement set up is shown in Fig. 3.6 (¢).
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Figure 3.6: Small absorbing array fabrication for waveguide measurements (a)
Fabrication of topology A. (b) Fabrication of topology B. (c) Waveguide time-
domain measurement setup.

The measured absorption rate curves for the two topologies under different input
power levels are plotted in Fig. 3.7 (a) and Fig. 3.7 (b). At low power level (less than 10
mW), we could observe a large absorption difference between ON and OFF states of both
topologies. Note that at the measured abosrption rate curves of input power less than 10
mW shares the same one as 10 mW case. At the frequencies of interest, near 2.2 GHz, the

surface has more than 80% absorption rate in the ON state and lower than 20% absorption
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rate in the OFF state. We could observe that for ON states, the absorption rate begins to
drop as power is increased. This is because with higher input power, the drain to source
channel current begins to saturate, causing the absorption rate to drop. However we could
still see more than 50% absorption for topology A at 2.2 GHz and a peak abosrption rate
over 60% at 2.35 GHz with 1 W input power, which equals 168 W/m?. This power density
is calculated from input power (1 W) divided by the area of the waveguide(0.006 m2 for
WR-430). The measured OFF states of different input powers share the same curve (black
curve in Fig. 3.7), since the transistor’s drain-source channel is off all the time with the
tested input power range. For Topology B, at 5 W (838 W/m?) input power we could still
see more than 60% absorption at the frequcncy of interest between 2 GHz to 2.2 GHz. The
power handling ablity is higher because this topology’s absorbing state is in transistor’s OFF
state, where current saturation is not a critical issue. For topology A, to achieve higher power
performance, we could change the current transistors with ones having higher saturation
drain current. This limitation will be discussed further in the following section.

Besides the switching ability of the absorber, the absorption rate can also be tuned to
middle states between ON and OFF by applying different bias voltages (-1 V 0 V) to the
gates. With different bias voltages, the drain to source equivalent impedance is changed
accordingly (higher bias voltages gives a lower channel impedance), further affecting the
resonance of the surface and changing the absorption rate. This tunable absorption of
topology A is measured and shown in Fig. 3.7 (c). Note that for bias voltage greater than O
V (drain-source channel fully ON) and less than -1 V (drain-source channel fully OFF), the

measured absorption rate curves are identical to O V bias one and -1 V bias one respectively.
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Figure 3.7: Waveguide measurement results (a) Absorption rate at ON and OFF
states of topology A with different levels of input power. (b) Absorption rate at ON
and OFF states of topology B with different levels of input power. (c) Measured
tunable absorption rate of topology A with different gate biasing.

3.3.3 Measurement Result Discussion

For topology A’s waveguide measurement, we could see a small peak at 1.8 GHz
at both OFF and ON states as well as those intermediate states. That is caused by the
gate vias of the transistors, which introduces another additional resonance. This could be
removed or addressed by adjusting the positions of the vias. Additionally, for the waveguide
measurement, as input power increases, there is a drop of absorption rate in the on state,
seen in Fig. 3.7 (a). The reason for this is because when transistors’ gates are positively

biased, the drain to source channel is turned on but this channel’s current will saturate at
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some input power. In other words, at comparatively low power, the transistors are working in
the linear region which yields a small channel resistance, but at high power they are working
in the saturation region which increases the channel resistance significantly and reduces the
quality factor of the surface. We further verified this through simulations by assigning RLC
boundaries connecting topology A’s outer rings to the vias. When the resistance increases, a
drop of absorption could be observed as expected, indicated in Fig. 3.8. This problem could
be solved by applying higher power transistors at the via to enable higher power applications.
Note that for topology A when using NE3503M04 as the switching transistor, with 1 W (168
W/m?) input power to the WR-430, we could still achieve more than 60% peak absorption
at 2.35 GHz and over 50% of absorption at 2.2 GHz.

Topology B is another way to solve the saturation problem, since the absorber is in
the ON state when the transistors are negatively biased. This topology may instead be limited
by the breakdown voltage between drain and source, but this would occur at even higher
power levels. This could be easily seen from Fig. 3.7 (b), that when input power is 5 W (838
W/m?), more than 70% peak absorption at 2 GHz and 60% of absorption at 2.2 GHz could
still be achieved. However, from topology B’s measurement, we observed that compared
with the simulated results, the OFF state’s absorption rate is higher than expected. This is
because in the OFF state, when the transistors are positively biased, they are not ideally
shorted, instead they will show some drain to source resistance and capacitance. Unlike
placing the transistors at the vias, this parasitic capacitance and channel resistance influence
the surface more since the field is mostly concentrated at the gap between neighboring
elements where the transistors are placed. This issue could be addressed by implementing

smaller transistors at the gap with smaller parasitics.
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Figure 3.8: Waveguide measurement results (a) Absorption rate at ON and OFF
states of topology A with different levels of input power. (b) Absorption rate at ON
and OFF states of topology B with different levels of input power. (c) Measured
tunable absorption rate of topology A with different gate biasing.

3.4 Large Panel Demonstration

A large panel of the absorber of topology A is fabricated in order to test the surface
current suppression and absorbing abilities in a realistic scenario in our far-field chamber.
The fabricated array consists of 400 unit cells (25 by 16 cells, with length 395 mm and width
254 mm) and a slit in the middle of the board with width 2.54 mm and length 56 mm. The
purpose of that slit is to allow for leakage of microwave power and thus to test the absorber’s
tunable and switchable properties and its ability to suppress leakage. The slit is designed to
work as a slot antenna at 2.2 GHz with the absorbing surface, which allows energy to couple
through the slit in the OFF state. We expect to see large attenuation of the leakage power in

the absorber’s ON state.
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Figure 3.9: (a) Measured vs. Simulated S11 of the slit at both on and off states.
(b) Radiation pattern (E-plane) at ON and OFF states of 2.15 GHz. (c) Radiation
pattern (E-plane) at ON and OFF states of 2.25 GHz.

3.4.1 Radiation Pattern Measurement

We first measured the return loss (S11) of the slit in the absorber’s OFF and ON
states (transistor gates biased negative and positive, respectively) by attaching the standard
waveguide WR-430 to the bottom ground plane covering the slit. The slit was basically
operating as a slot antenna, but surrounded with the switchable metasurface. The measured
return loss results compared with simulated results for a slightly smaller twelve by twelve
cell panel is presented in Fig. 3.9 (a). The difference between the measured return loss
to the simulated one is mainly due to the fabricated panel is larger than the simulated one
which is smaller in size to save simulation time. Measured return loss lower than -10 dB is

observed at 2.2 GHz in the OFF state, while in the ON state -1.3 dB is measured. Because
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slot antennas radiate through currents on the surrounding ground plane, suppressing those
surface currents effectively suppresses radiation, resulting in higher return loss. We further
verified this surface current suppression by measuring the radiation pattern in anechoic
chamber at the two different states (OFF and ON states).

We used a horn antenna (ETS-Lindgren 3164-08) as transmitting antenna. The
distance between the transmitting antenna to the absorbing surface is fixed at 2.5m which is
enough to satisfy the far-field distance. The radiation patterns of the E plane of the surface
at 2.15 GHz and 2.25 GHz are measured and plotted in Fig. 3.9 (b) and Fig. 3.9 (c). An 18
dB difference between OFF and ON states in the azimuth plane is observed, showing good

surface current absorbing ability.

3.4.2 Switchable and Tunable Absorption

In a more intuitive way, the leakage power through the slit compared with the incident
power level was measured in the anechoic chamber. The set up for this measurement is
presented in Fig. 3.10 (a). Port 1 of the VNA (Agilent E5071C) provides small transmitting
signals which are amplified by a high-power amplifier, then further transmitted through
the horn antenna with proper polarization, directed toward the center of the panel under
test. The standard waveguide WR-430 is attached to the bottom of the slit and the received
signal returns to the VNA’s port 2. The whole setup including VNA was well calibrated with
free space path loss, all insertion loss of cables and connectors, etc. Both normal incidence
and grazing incidence are measured with corresponding positions and angles relative to the
polarization of the transmitting horn antenna shown in Fig. 3.10 (b).

For the normal incidence mode, the ON and OFF states’ gains are measured and

plotted in Fig. 3.11 (a). The gain of the surface is defined as the measured S21 value at
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Figure 3.10: Anechoic chamber measurements. (a) Surface wave absorption
chamber measurement setup. (b) Normal incidence (left) and grazing incidence
(right) modes measurement position of the surface, with zoomed view of the surface.
This array’s element shares the same dimensions with the element described in
Fig. 3.3 (a) and the stack is the same as Fig. 3.3 (c), in which the thicknesses of the
RT 5880 and FR4 are both 3.125 mm. The RT5880 and FR4 are isolated by thin
prepreg sheet.
normal direction with set up indicated in Fig. 3.10 (a). In the OFF state, a peak gain of
6 dB is observed around 2.2 GHz, which matches with the gain in the normal direction
(zero degree) of the slit from the Fig. 3.9 (b) and Fig. 3.9 (c) in part A, Section IV. In the
ON state, we could see a peak attenuation of 16 dB at the frequency of interest, showing

good surface current suppression ability. For the grazing incidence mode, we measured the

surface’s tunable and switchable absorbing ability by giving different bias to the gates of all
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the transistors (NE3503M04) and the results are plotted in Fig. 3.11(b). In the OFF state,
the peak measured gain is around O dB, while in the ON state an attenuation of 18 dB is
achieved. All these numbers match well with the azimuth-plane amplitude measured in the
previous section for both OFF and ON states. With the range from -1 V to 0 V DC bias on
the gates of the switching transistors, different attenuations could be obtained, demonstrating

the tunable absorption ability of this surface.
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Figure 3.11: (a) Relative amplitude comparing with input power leaking through
the slit at on and off states of normal incidence mode. (b) Tunable absorption rate
with different DC bias of grazing incidence.

Another advantage of this absorber is that it can potentially provide a sharp response
to different incoming power levels. In other words, it is possible to preset a certain power
density level threshold to this surface and control the absorber to be switched on, off or to
any other middle state accordingly simply by providing different DC biasing voltages. To
show this sharp response ability of the absorber, we used power meter (Agilent N1911A)
to detect the received leakage power from the slit through standard waveguide WR-430.
We define the threshold as the preset value of maximum power (leakage power) allowed
to be received by the waveguide (WR-430). In real-time this power level is compared with

the preset threshold value to control the DC supply and adjust the surface absorption. The
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transmitting signal is generated by a signal generator, (Agilent N5181A) amplified by high
power amplifiers (Ophir 5022 and 5193) and transmitted at a power level ranging from 25
dBm to 50dBm at the horn antenna located 2 m away from the surface. The measurement
setup is shown in Fig. 3.12 (a) and the absorption response is presented in Fig. 3.12 (b)
with different leakage power threshold values. A sharp response is demonstrated using
this surface, and the leakage power attenuation from OFF state to ON state is about 17
dB. In other words, the absorber could be real-time controlled switching the surface from
OFF state directly into ON state representing a sharp response. This has the advantage that
at low power level (less than the preset threshold), the absorber could remain in the OFF
state, which would not affect the performance of communication systems under protection.
However, as soon as the threshold is reached, the absorber could be automatically turned on

to shield sensitive electronic devices.
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Figure 3.12: (a) Experimental setup for sharp response absorbing ability measure-
ment. (b) Sharp response of absorption with different power level thresholds.

46



3.5 Conclusion

We introduced the first transistor-based, high-power, switchable and tunable surface
wave absorbing metasurface. Two topologies of transistor-based metasurface absorber are
studied and discussed. Combining the surface wave suppression ability of high-impedance
surfaces with transistors’ tunable drain to source channel resistance property, switchable
absorbers are designed and measured. In the waveguide high-power measurement, the two
topologies showed more than 60% and 70% absorption rate with input power density of
168 W/m? and 838 W/m? respectively in their ON states, while in the OFF states, at the
frequency of interest they showed less than 10% and 20% absorption rate accordingly. A
large panel with a slit working as a slot antenna is fabricated and measured. The radiation
pattern and surface wave absorption is measured in both ON and OFF states and they
matched each other well. Finally, a threshold preset self-sensing absorbing surface is tested
and showed a sharp absorption response versus input power level.

This high-power, switchable and tunable surface wave metasurface absorber has the
advantage of being low-profile, and having electronically controllable absorption, which
could be used in against a wide range of incident power levels that may cause damage
or interference to the communications systems or sensitive microwave components being
shielded.

Chapter 3 is based on and is mostly a reprint of the following paper: A. Li, S.
Kim, Y. Luo, Y. Li, J. Long, and D. Sievenpiper, "High-Power, Transistor-Based Tunable
and Switchable Metasurface absorber”, IEEE Transactions on Microwave Theory and
Techniques, vol. 65, no.8, pp.2810-2818, August 2017. The dissertation author was the
primary author of the work in this chapter, and the co-author has approved the use of the

material for this dissertation.
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Chapter 4

High Power Microwave Metasurface

Transmitter

A low profile, directive, high power and yet cost efficient radio frequency source
plays a crucial role in long distance communication, sensing and anti-interference research.
Convectional approaches to achieve such high power radiations require a microwave source,
an amplifier as well as a radiator, which are mostly expensive and bulky. In this paper, we
were able to transform DC energy to electromagnetic radiation, aimed to a desired direction,
using only a thin sheet of metasurface. The proposed approach can be scaled both in power
and frequency within the UHF to THz range. The concept makes use of the k=0 mode
in a periodic resonant surface to excite a series of phase-locked individual sources on the
surface. The phase-locked sources create an overall coherent mode in the far field at the
desired direction. The proposed idea is inspired by spark-gap transmitters, pulsed ring-down
sources, and antenna arrays to provide a novel and highly scalable electromagnetic source.
We envision that the proposed active metasurfaces for DC conversion to electromagnetic

radiation can be potentially used in long range communication, sensing devices, and radars.
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4.1 Introduction and Motivation

Development of electromagnetic radiation sources, which are essential parts of
modern communication and radar systems, has been ongoing since over a century ago and
has led to many types of sources [99]. For instance, in a conventional source based on the
theory of Cherenkov radiation [100], the well-known microwave tube is needed to transform
the electronic beam into the radiation. Another example is microwave generators based
on transition radiation [101], in which radiation occurs as electrons travels through the
boundary between two media with different refractive indices, and so on [102, 103]. Here,
we propose a scalable, low-profile and the low-cost radiation source structure based on
metasurfaces.

Metasurfaces composed of the two-dimensional subwavelength periodical unit cells,
provide the potential to excite and control surface waves which are usually modeled by the
generalized sheet transition conditions (GSTCs) [4, 104]. The well-known high impedance
metasurface (a.k.a. “mushroom structure”) which has a dispersion diagram with non-zero
band gaps has found numerous applications in the recent 20 years. At low frequencies, the
mushroom textures can only support transverse magnetic (TM) surface waves, while at higher
frequencies, above their band gap, they can also support transverse electric (TE) surface
waves. Some applications of mushroom structures are the low-profile tunable leaky-wave
antenna [105], controlling the surface waves which are dependent of the waveform [14,76],
producing the diode or transistor based surface wave absorbers [2,62,75], designing the
non-Foster circuit based wideband hard surface and even the realizing of the adaptive
metasurfaces [106] which are dominated by the power of the source of the incident wave.

In this paper, the design of a new type of microwave source based on the non-linear

mushroom structure has been proposed to transform the direct current (DC) source to the
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Figure 4.1: Active metasurface transforming static DC energy to steerable RF
radiation. The metasurface could be charged up with DC voltages and further
triggered simultaneously or in a delayed sequence along rows or columns resulting
the charges flowing from top patch to the ground formulating a resonating mode
and radiating into free space to the designated direction in a k=0 leaky wave mode.

radio frequency (RF) source. As illustrated in Fig. 4.1, the centerpiece of this work is a
resonant textured metasurface which, along with a DC source and a switching mechanism,
forms a two-stroke mechanism: a) the charging stroke, during which energy is transferred
from the DC source to the capacitive storages on the metasurface, and b) the radiating stroke,

in which the stored energy is depleted as electromagnetic radiation.

50



4.2 DC to RF Transformation Principle

A wide variety of structures can serve this purpose, which can be generally classified
as conductor-backed frequency selective surfaces (FSS). The primary requirement is that the
structure should include (a) a ground plane to ensure unidirectional radiation, (b) a resonant
property which sets the frequency of radiation, (c) an energy storage component which may
be considered in the abstract as a capacitor or inductor, and (d) a switch that toggles between
charging and radiating strokes. All these 2D surfaces could be potentially charged with a
high voltage, only limited by the air breakdown between anode and cathode of the charged
surface, thus are capable of handling high power applications. The subwavelength property
of the unit cells in metasurfaces, makes the proposed sources highly scalable and very thin
compared to their conventional counterparts.

We adopted high impedance surface (HIS) in our designs due to its simplicity and
convenience of adding active electronic components to it. We continue with two different
topologies of HIS unit cells as demonstrated in Fig. 4.2 (a). Topology A (Fig. 4.2 (b))
consists of top metallic sub-wavelength patches conducted to the ground plane with offset

vias, which can be considered as a distributed circuit with and values of,

L=yt 4.1)

W(81 + 82) c

C= osh™! (g) 4.2)

where is the thickness of the surface and is the resonating frequency, is the patch width,
permittivities of the materials on two sides of the patch, is the period, and is the gap size of

the patch.
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Figure 4.2: Structure crosssection overview and operation principle of two topolo-
gies. (a) The basic concept includes a periodic structure that is charged up from a
DC supply layer during a charging state, and then switched into a resonant/radiative
state. By exciting the k=0 mode of the periodic structure, the radiation from all
unit cells forms a coherent beam in the far field. (b) The basic concept can be
understood in the context of a offset via high impedance surface consisting of a
switchable LC circuit. The capacitance is charged up during the charging state and
the inductance is switched in during the radiative state. (c) Unit cell of topology
B is composed of a pair of metallic patches with mirrored offset vias at the edges.
One via is connected with DC source charging up the top patch at charging state,
while the other via connects top patch to the ground. When switch is on, a cavity is
formed and radiating energy out at the resonating frequency of the structure.

In order to better demonstrate the concept, we first use ideal single pole double
throw switches (SP2T) placed at the gap between the conducting vias and the ground plane.
During the charging stroke, the switches are in the OFF state (vias are not connected to the
ground). As a result, the DC power source (with the voltage V) stores energy of (%CVz)in
the capacitive regions around the gaps between neighboring unit cells. The radiating stroke
begins as soon as switches are triggered ON instantaneously (vias conducted to the ground)
which causes charge oscillation inside unit cells. With proper design of the subwavelength

periodic HIS structure, the oscillating charges can radiate energy into the space. In fact, the
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radiation is a result of a leaky wave mode excitation on the HIS at the frequency defined
by the and C values of the HIS. Note that the vias are designed to have offset in order to
avoid opposite polarities among neighboring radiating elements, ensuring they all add up in
phase in the far field. As the stored energy damps during the radiating stage, each element’s
voltage rings down as a decaying sinusoidal wave into free space.

Topology B (Fig. 4.2 (c)) has a unit cell composed of a pair of subwavelength
metallic patches with two offset vias on the opposite edges of the patches. One of the vias is
directly connected to the ground while the other via is connected to a switch which bridges
it to the ground. By adjusting the symmetry of the structure, the resonance can be split
into two modes resonating at different frequencies. The structure can be designed so that
nearly all of the energy is stored in regions that correspond to one of the modes. As both
topologies in Fig. 4.2 have subwavelength dimensions, it is completely feasible to combine
hundreds or even thousands of unit cells to scale the power. Moreover, by precise control of
switches timing, the radiated energy can be guided to a desired direction. Topology A is
more uniform and compact than topology B, however it requires more switches for the same
aperture size.

Both proposed topologies include two-dimensional periodic structures which can
be represented by their band structure for surface waves. As shown in Fig. 4.3, our design
excites the k = 0 mode (when all switches are triggered simultaneously) which is where the
first TE mode meets the frequency axis. The curve extraction is discussed in the methods
section.

The power radiated from the scalable microwave source can be estimated from the
voltage on each cell, and the dimensions of the cells. Assuming a square aperture, radiated

power is equal to the total voltage (Vtit o) squared divided by the impedance of free space.
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Figure 4.3: Dispersion diagram of the traditional high impedance surface. The
band structure of the periodic surface gives clues to the kinds of modes that the
surface supports. The classic high impedance surface supports both TM surface
waves and leaky TE surface waves.
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Py = % 4.3)

in which 1 is vacuum intrinsic impedance. Total voltage is equal to the voltage on
each cell (V,,;;) times the ratio of total size to cell size, Vot = Vce”%, in which is the length
of the metasurface while is the period of the unit cell. The antenna gain (G) is related to
the area and wavelength (L), estimated to be assuming 100% radiation efficiency. The peak
effective isotropic radiated power (P ) of the pulse is given by the total power (Py,4) times
the gain of the metasurface:

2 14
4nVC€ nL

i (4.4)

Peff:PradG:

The surface quality factor is related to its thickness () relative to the wavelength on resonance:

0= 4.5)
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The duration d of the pulse is related to the :

[0)) A2

=" _ (4.6)
2nc  4nte

5=2_
(O]

The effective pulse energy is the average effective isotropic radiated power (EIRP) times the

pulse duration:

Pess® _ Viul®
Upae =5 = ynic @

The actual energy required to charge up the capacitors can be obtained as follows. The

resonant frequency of the metasurface (® = 114 /C) can be determined from ( 4.1) and ( 4.2).

This gives us the resonance quality factor as:

n
= 4.8
These can be combined to obtain the capacitance per unit cell:
0
Ceel1 = n_m 4.9)
with total capacitance to be Cyotal = 1%%, thus, the total energy to charge the surface for

each pulse can be calculated as:

2 272v/2
Ctotalvcell _ AL Vcell (410)
2 8m212mc

Ucharge =

Then, we can calculate the ratio of radiated pulse energy to charging energy, and find that it
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is equal to the antenna gain as expected.

Upulse o V2, L* 8752122‘1'16 . AnL? .

cell
= G 4.11
Ucharge ~ 27MI%tc * A2L2V2 A2 @11
4.3 Simulation Analysis
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Figure 4.4: HFSS model in eigenmode simulation. (a) Topology A. (b) Topology
B.

We designed both topologies A and B (in Fig. 4.2) to radiate at 2.2 GHz frequency
in HFSS. The model of both topologies are depicted in Fig. 4.4 in this material, for topology
A, with period pl = 16mm, gap size gl = Imm, patch width wl = 15mm, via offset d1 =
Imm with via radius r1=0.25mm, substrate (Rogers Duroid 5870, dielectric constant 2.2)
thickness t1 = 3.175mm and the height of the air box h = 60mm, while for topology B,
p2 = 12mm, g2 = 0.5mm, w2 = 11.5mm, d2 = 0.6mm, r2 = 0.25mm, t2 = 3.175mm with

same substrate material with topology A. Along the via offset direction (x axis direction in
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this case), the two side walls are set to be master and slave boundaries with a variable of
phase delay defined. The other two side walls (along y direction) are set master and slave
boundaries with no delays. When eigenmode simulations are performed in HFSS sweeping
the delays from O degree to 180 degrees and the first mode (TE mode) and the second mode
(TM mode) could be extracted and shown in Fig. 4.5. The intersection of the TE leaky mode
to the frequency axis is indicating the supported surface wave propagation along the surface
(x direction) is zero, in other words radiating out normal to the surface into free space.

Dispersion diagram
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6 m—TM mode

TE mode
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B
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0 0.5 1 1.5 2
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Figure 4.5: Dispersion diagram of topology A with TE mode intersect with k=0 at
2.2 GHz which is coherent with the frequency of the radiated signal.

Using EM-circuit Co-simulation method we could more straightforwardly simulate
the whole operating process from DC charging state to radiative state in time domain. The
two port HFSS model is first made in full wave driven modal simulator of HFSS shown
in Fig. 4.6 (a) (Topology A) and Fig. 4.6 (b) (Topology B). Not that there is ring shaped
gap between the via and the ground with a lumped port applied. The top surface of the air
box is defined as a flouquet port. The side walls are set to be periodic boundaries (Master

and Slave boundaries) with no delay. All the other dimensions are consistent with Fig. 4.4.
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A wide frequency range are swept from the simulation from DC to 10 GHz to get wide
enough frequency bands for more accurate transient simulations later. The 2 port S-matrix
is obtained and plugged into the circuit simulation with the lumped port pinned with a SP2T
switch switching between DC charging source (100V) through a 500 charging resistor and
the ground while top flouquet port is terminated with a 377 resistor consistent with free
space characteristic impedance. The switch toggled between the DC source and ground with
ON time 50 ns which is long enough to damp the charged static charges, with OFF time 50 ns
(total 100 ns for one period) long enough to have the surface fully charged. The schematic of
the circuit simulation is shown in Fig. 4.6 (c¢). From the EM-circuit Co-simulation explained
in this section, topology A and topology B’s radiated RF voltages could be obtained and
plotted in Fig. 4.7 (a) and Fig. 4.7 (b) respectively. The blue curves represents the charging
DC voltage while the red damping sinusoidal wave indicates the radiated RF waveform
monitored from the 377 o resistors at in the circuit model. The spectrum of both structures

are plotted in Fig. 4.7 (c) and Fig. 4.7 (d) respectively.

4.4 Efficiency Calculation

The efficiency of this direct DC to RF conversion could be obtained if the stored DC

energy and radiated RF energy could be obtained. The stored static DC energy Py, is:

1
Py = ECV2 (4.12)

where C is the equivalent capacitance of the metasurface and V' is the charging

voltage. To find the value of C, we can derive from the resonating frequency ® = —— if

VLC

we know the equivalent inductance L. For the centered via high impedance surface (HIS),
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Figure 4.6: EM-circuit Co-simulation models. (a) Topology A: Driven modal
simulation in HFSS with periodic boundaries, topped with a flouquet port with a
lumped port set between the via and the ground. (b) Topology B. (c¢) Extracted
S-parameters (S2p) file is linked to the circuit simulation to perform transient
simulation in circuit simulator.

L = ut , where u is the permeability of the substrate and ¢ is the thickness of the substrate.

However, as our proposed structures are offset via HISs, a more accurate way of extracting

C is needed. The equivalent capacitance could be obtained accurately from the time constant

T,

1=RC (4.13)
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Figure 4.7: EM-circuit Co-simulation results. (a) Transient simulation output of
Topology A. (b) Transient simulation output of Topology B. (c) Spectrum of output
signal of Topology A. (d) Spectrum of output signal of Topology B.

where R is the charging resistor to the surface. T could be obtained from the
simulation, at the time the voltage is charged up to 63% of the ultimate voltage, shown in
Fig. 4.8 for topology A as an example. From equations. 4.12, can be accurately estimated.
can be easily calculated by integrating the energy in one period known from Fig. 4.7 (a) for
topology A and Fig. 4.7 (b) for topology B. The efficiency of topology A is calculated to be

93% and topology B to be 88%, which are all close to unity.
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Figure 4.8: Charging voltage in time domain of topology A. Time constant can be
calculated from where voltage equals 63% of the ultimate static voltage (100V) to
be 0.86ns.

4.5 Fabrication and Measurement Results

In practice, ohmic loss and finite speed are inevitable while implementing the switch.
Possible choices for the triggering switches are transistors, optical switches, or plasma
switches, which are all applicable in high power designs. Note that the rise time of the
switch should be way smaller than the period of the resonating signal to minimize loss.
Avalanche transistors being widely applied in ultra-fast pulse generators and switches with
rise times below nanosecond stand out as good candidates for sub GHz applications with
high peak currents. To apply avalanche transistors to our metasurface, we connected the
transistor collector and emitter to the via and ground, respectively. The transistor collector
is also attached to the DC supply using a charging resistor. After the whole meatsurface
array is charged, all avalanche switches can be switched ON, simultaneously, by triggering

the transistors’ bases using an ultra-fast pulse. We re-designed both topologies A and B (in
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Figure 4.9: Fabrication and unit cells. (a) Fabricated 4 by 4 array of topology A.
(b) Fabricated 4 by 3 array of topology B. (c) Topology A’s unit cell’s stack up. (b)
Topology B’s unit cell’s stack up.

Fig. 4.2) for 800 MHz to verify the concept experimentally. Fig. 4.9 shows both topology
A and topology B’s fabricated panel and the measurement results. The chosen avalanche
transistor’s (FMMT413) rise time is experimentally measured to be around 500 ps. As a
result, we limited our operating frequency to 800 MHz to avoid excessive loss and jittering
noise at higher frequencies. Both of the structures are composed of three layers with a top
patch layer, middle ground layer and a bottom switching layer. Fig. 4.9 (a) and Fig. 4.9 (b)
show the 4 by 4 array of topology A and 4 by 3 array of topology B, respectively. Note
that for topology A shown in Fig. 4.9 (a), only the left three columns are back mounted
with avalanche transistors and the last column on the right is working as parasitic patches.

The offset vias contribute to the inductance while the gaps between patches in horizontal
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position gives parasitic capacitance. Topology B does not require extra column of unit
cells as parasitic patches since the unit cell comes into a pair and the parasitic capacitance
are mostly due to the gap in between unit cell patches. The stack up information with
detailed dimensions of the two topologies’ stack ups are shown in Fig. 4.9 (c) and Fig. 4.9
(d). The value of the charging resistors is chosen to be 1 M. A 50Q2 SMA connector is
directly mounted at the base of the avalanche transistors for feeding the triggering signal. To
evaluate the DC to microwave radiation performance of the metasurface, we measured the
normalized radiation pattern of both topologies in the anechoic chamber for both horizontal
and vertical polarizations. The surface is biased 100 V which is below the avalanche break
down voltage of the transistors. A picosecond pulse generator working with a periodicity
of 100 kHz is used to trigger all cells of the metasurface simultaneously through designed
power dividers. We observed a peak radiation at the normal direction with cross-pole over 10
dB. A measured radiation pulse of topology A and B are shown in Fig. 4.10 (a) and Fig. 4.10
(b) respectively. The associated spectrum of this pulse has a peak at 625 MHz, as shown in
Fig. 4.10 (c) and Fig. 4.10 (d). The decaying sinusoidal wave was captured by a receiving
antenna as expected. As in the simulation we used an ideal switch, there was a frequency
shift in the measurement (from 800 MHz to 625 MHz) due to the parasitic elements of the
avalanche transistors. From the transient signal, we could calculate the ratio of the total
radiated power to the stored static energy around 10 percent. The measured radiation pattern
of topologies A and B are shown in Fig. 4.10 (e) and Fig. 4.10 (f) respectively. And the
measurement setup schematic and photo of of far field measurement environment are shown

in Fig. 4.11 (a) and Fig. 4.11 (b).
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Figure 4.10: Measurement Results. (a) Topology A’s normal direction radiated
signal from 3 meters away. (b) Topology B’s normal direction radiated signal from
3 meters away. (c) Spectrum of topology A’s output. (d) Spectrum of topology B’s
output. (e) Radiation pattern of both topology A with both horizontal and vertical

polarizations. (f) Radiation pattern of both topology B with both horizontal and
vertical polarizations.
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Figure 4.11: Experimental setup. (a) Schematic of the setup in anechoic chamber.
(b) Photo of the measurement environment.

4.6 Beam Steering Capability

Besides normal radiation, the proposed metasurface can potentially have beam
steering capability. In this section, we demonstrate this capability in simulation perspective,
since it needs a comparatively larger array with a sharp beam to make this beam steering
effect visible. When the metasurface elements are all charged up but triggered to oscillating
mode with an increasing delay between each rows or columns we are expecting a beam shift
to a specific angel that all elements radiation in far field adding up in phase. Taking topology
A as an example, we simulated an array of 4 by 16 shown in Fig. 4.12 (a). With the push
excitation technique in HFSS, we could push the delayed triggering transient current sources

back to the HFSS full wave simulation hence generating the radiation pattern with different
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column/row to column/row delays. Fig. 4.12 (b) shows the E-plane radiation pattern with

different switching triggering delays (d;) between neighboring columns.

Figure 4.12: Beam steering simulation. (a) Simulation model of the 4 by 16 HIS
array with an increasingly delayed triggering along the y direction. (b) Normalized
radiation patterns in dB with different delay intervals. A beam steering effect is
observed.

Besides using electric switches approach, optical trigger could be adopted taking

advantage of their sharper response and easiness to be massively triggered. For example, a
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photoconductive switch, or a phototransistor could be turned on by an optical signal. This
has the advantage that the optical signal can be designed to illuminate the entire surface at
the same time, to ensure that all cells fire in-phase. While this is also possible with a well-
designed electrical triggering system, optics has the advantage of a free-space distribution
option. By varying the angle of incidence of the optical pulse, the delay could be added

between cells, which would translate into steering the radiated microwave beam as well.

4.7 Discussion and Conclusion

We have introduced a novel approach of transforming DC energy directly into
desired RF radiation. This paper describes a new class of scalable high power microwave
sources that borrows concepts from existing architectures, while applying new materials and
techniques to dramatically increase power, frequency, and flexibility. The concept makes
use of a k=0 mode in a periodic resonant metasurface to produce a coherent mode from
many individual sources which are combined in-phase in the far field. This is combined
with ideas borrowed from spark-gap transmitters and pulsed ring-down sources to provide
a novel and highly scalable RF source that is also grounded in well-established concepts.
We adopted offset via HISs as the media for this transformation, due to its ultra-thin and
highly scalable property. Our simulated results showed an efficient transformation from
DC to microwave radiation by combing active switches on the surface when all unit cells
are triggered together and radiating simultaneously resulting a pulsed decaying sinusoidal
wave radiation. It is envisioned that these new RF sources can be scaled from UHF to
THz frequencies depending on various design parameters, and will be capable of multi-GW
operation. To demonstrate our concept, we designed and fabricated two topologies of the

meatsurface array applying avalanche transistors as switching, a directional RF radiation is

67



achieved. The drop in the converting efficiency in our measurement is mostly due to the
losses and phase mismatch introduced by the switch. The shift in frequency is mostly due
to the parasitics of the avalanche transistors. Beam steering could be achieved by adding
delays to the switches between each rows or columns. This gives the metasurface a totally
RF feedless, 2D scanning microwave emitting source by charging the metasurface with DC
currents as well as triggering the surface with different switching sequences.

In conclusion, we proposed a scalable, ultra-thin active microwave transmitting
metasurface with only DC energy as a source with beam scanning capabilities. This novel
concept takes TE leaky wave mode of the periodic structures converting static DC currents
into desired RF directional radiation could be applied in applications including high power
microwave source, long range communication, sensing and radars.

Chapter 4 is based on and is mostly a reprint of the following paper: A. Li, Y. Li, E.
Forati, S. Kim, J. Lee, J. Long and D. Sievenpiper, "Direct conversion of static voltage to a
steerable RF radiation beam using an active metasurface”, in preparation. The dissertation
author was the primary author of the work in this chapter, and the co-author has approved

the use of the material for this dissertation.
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Chapter 5

Spatial-temporal Modulated

Metasurface Non-reciprocal Absorber

We investigated a magnet free, non-reciprocal surface wave absorber based on high
impedance surfaces (HIS) with time modulation approach. By modulating the surface by
controlling the switches in sequence, the HIS metasurface breaks time and spatial symmetry,
which could transmit surface waves at the designated frequency from one side of the surface
to another but absorber power propagating reversely. From EM-circuit co-simulation results,
we could observe an obvious non-reciprocity. We could envision that this could be possibly
applied in future communication systems that preferably transmitting unidirectionally but

absorbing interference from reverse directions caused by reflections or other devices.

5.1 Introduction and Motivation

Nonreciprocity plays an important role historically starting from Faraday rota-

tion [107] discovered in 1845. In modern research and industrial applications, there are
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numerous of phenomena and devices show their significance due to their nonreciprocal
properties, for example, circulators, isolators and duplexers, etc. A traditional way of
performing this nonreciprocal purpose is to involve a magnetic bias which aligns the spin of
magnetic-optic materials, resulting huge difference in opposite direction wave transmission.
However, as these conventional solutions are ferrite based [108], which are bulky, expensive
and high cost. To have non-magnetic based nonreciprocal devices, antennas or surfaces
are critical in recent applications for both microwave and optical frequencies due to the
increasing demand on compactness of the system [109—111]. An interesting work applying
angular momentum fulfilling a circulator for acoustic wave [112] is carried out. Recent
researches demonstrated several approaches to break the symmetry, in which, time-varying
media [113-115] brings broad attention in the non-reciprocity research. Works have been
done in modulating the substrate, which makes the effective index of the substrate to be
time varying that could be applied in nonreciprocal leaky wave metasurface antennas and
isolators, etc [116—118]. Spatial-temporal modulation method has also been explored to
fulfill unidirectional transmission [119-122]. Another new approaches to break the lin-
earity is to apply switches to the transmission lines and manipulating the waveforms by
controlling the sequences of the switches and further are demonstrated being integrated into
chips [123, 124]. However, there are less work carried out for applications of nonreciprocal
surface wave absorbers. For absorbers targeting on normal incidence are widely studied
while for surface waves absorbers are also important but less investigated. Especially for
transvers magnetic (TM) wave propagations, there are potentially leakage from openings
and connections between discontinuous metallic surfaces. Metasurface absorbers [125-127]
are widely studied and applied in both spatial and surface wave absorption applications due

to their low profile, usually subwavelength thickness also simplicity, composed of metallic
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patches. Recent studies brought active electronics including diodes, varactors and transistors
to the metasurface absorber enabling the surface with more attracting properties like power
dependency, waveform dependency, switchability and self-tuning capabilities. However, all

these absorbers in the reference have reciprocal responses.
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a—h ) Absorption ..... ,_/\N\
Switch ...
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Directional modulation switching

Figure 5.1: Diagram of principle of the time modulated non-reciprocal metasurface
surface wave absorber. An ideal switch is placed at the via of the HIS conducting
(ON state) and isolating (OFF state) the via and top patch. When the vias are
modulated from left to right with a certain frequency, surface waves could propagate
from the left to the right but absorbed from the right to the left.

It is critical to develop nonreciprocal surface wave absorbers since we may need
unidirectional communication or surface waveguiding but absorbing opposite directional
transmissions to avoid interference to sensitive electronics or devices from transmitting sig-
nals reflections or other jamming signals. High impedance surface (HIS) is a good candidate
for surface wave absorbers because it supports no modes at the bandgap thus stops surface
waves from propagation. By simply placing resistors at the gap between neighbouring
elements, energy could be further dissipated as ohmic loss. Works have been done by
applying active electronics on the HIS surface wave absorbers like varactors, transistors and
diodes enabling the surface with property of frequency tenability, switchability, non-linearity

and power dependency, etc. However, all these approaches did not break the symmetry
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of the surface, in other words, the absorption or transmission property from forward and

backward directions are consistent.

5.2 Principle and Theoretical Analysis

Here we propose a way to modulate the surface in a manner of traveling wave in a
single direction, which could break the symmetry of the surface magnetic-lessly, indicated
in Fig. 5.1. An ideal switch is placed between the top patch and the via to the ground of
the HIS, reconfiguring the metasurface to be HIS (vias conducted the to the ground) and
periodic subwavelength patches (without vias). When the switch is at ON state (conducting
top patch to the ground), the surface forms a HIS which has a band gap between the first
transverse electric (TE) and transvers magnetic (TM) mode that stops surface waves from
propagating. On the contrary, when the switches are at OFF state (vias not conducting top
patch with the ground), at the same frequency, TM waves can propagate through the surface.
The absorption rate at two different switch states are simulated and the full wave simulation
model is shown in Fig. 5.2. The full wave simulation model in Ansys HFSS is assigned with
periodic boundaries and 10k resistor between gaps of the patches. Absorption rate (Abs)

could be calculated as:

Abs = 1 — Transmission — Re flection (5.1)

where Transmission is transmission rate defined by the transmitted power over incident
power and Reflection is reflection rate defined as reflected power over incident power, shown
in Fig. 5.3 (a). Here when the switches are at ON state, all the unit cells are turned into

small cavities with via conducting top patch to the ground forming a HIS. The property of
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Figure 5.2: Full wave simulation model with periodic boundaries, perfect electric
conductor at top and bottom while perfect magnetic boundary at two sides. The unit
cells of the metasurfaces are with width w = 18mm, gap size g = 2mm, substrate
(Rogers duroid 5880) thickness ¢ = 3.175mm, gap resistance R = 10kQ.

HIS is that there is a bandgap between the first TE and TM mode that does not support any
wave propagation along the surface for the frequencies falls into the bandgap. The energy of
the wave is stored in the small cavities resonating thus could be dissipated and absorbed
in form of ohmic loss when placing an absorbing resistor at the gap between neighboring
unit cells. When the switches are at OFF state, the vias are not visible by the impinging
waves and the surface is reconfigured periodic patches without vias, which supports TM
mode wave propagation along the surface at the same frequencies. The dispersion diagram
of the surface with via on and off are shown in Fig. 5.3 (b). The results showed in Fig. 5.3
are at switch static conditions, resulting a linear and reciprocal structure that gives the same
response when waves are transmitting from left or right side of the surface in Fig. 5.2.

The symmetry of response to transmitting surface waves could be broken by intro-
ducing time and spatial modulation. For the proposed surface above, when the switches
turned ON and OFF in a sequence following a traveling wave manner, the property of the

surface from one side to the other differs, showing nonreciprocal. While the surface wave
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HIS based surface wave absorber
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Figure 5.3: Simulation results of HIS absorber with via on and off.(a) Simulated
absorption rate over frequencies with and without vias. (b) Dispersion diagram of
the periodic surface with via switches ON and OFF. Surface waves with frequencies
fall into bandgap of the HIS (via on) cannot be propagated but TM mode could be
supported at periodic patches case (via off).

propagation follows the direction of the modulation direction (from one side to the other,
switch from OFF to ON state), the traveling wave barely detects the vias long the traveling
path, in other words, the surface appears closer to periodic patches without vias that supports
the surface wave propagation. On the other hand, when waves coming from the opposite

direction of the modulation direction, the whole surface is mostly equivalent to the HIS
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with majority of the vias on, which stops surface waves from propagation and absorbed

from ohmic losses at the gap resistors. Another way of addressing this spatiotemporal

--===== Light line
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w
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Figure 5.4: spatiotemporal modulation of the HIS presented in dispersion dia-
gram.(a) Dispersion diagram of the first three space harmonics (n=0,=£1 ), in which
kz is the surface wave vector and p is the periodicity of the spatial modulation.
(b) Time modulation to the dispersion curves in y axis. A TM mode forward
propagation is supported while forbidden in backward propagation resulting a
non-reciprocal property.

modulation is from dispersion diagram perspective analysis. The first TM mode of the HIS
is considered as a fundamental mode, from which the modulations are carried out. The
spatial modulation of the HIS, determined by the number of vias on and off per period,

with +1 and -1 spatial harmonics are shown in Fig. 5.4 (a), modulated in x axis. When a
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temporal modulation is applied to the surface, the dispersion diagrams are modulated in y
axis shown in Fig. 5.4 (b). For propagation in forward directions (defined as same direction
with the traveling modulation direction), the positive harmonics of the dispersion diagram is
shifted up while the negative harmonics is shifted down, contrary for the negative direction
propagations, shown in Fig. 5.4 (b). Combing all the dispersion diagrams, a supported TM
mode dispersion curve is found for forward propagation while a band gap at the backward
propagation. In other words, for waves at frequencies fall into the bandgap of backward
transmission, they will be absorbed by the surface wave absorber while the forward direction
TM wave transmission could be supported by this spatiotemporal modulation. The up
and down shift of the dispersion diagram from the time modulation is determined by the

modulation frequency f;,.

5.3 EM-circuit Co-simulation

To verify the nonreciprocal concept, we performed EM-circuit co-simulation. The
same full wave simulation model is adopted and shown in Fig. 5.5 (a). Lumped ports
are designed between top patch and the via vertically for each element to control the via
connecting or isolating with the top patch from the ground. Also there are slumped ports
assigned at the gaps between neighboring patches for assigning gap resistors. Wave ports
are assigned at the left side (forward incidence) and right side (backward incidence) with
characteristic impedance determined by the ratio of the height and the width of the TEM
waveguide. The periodicity of the unit cells p is 20mm, patch width w is 18mm, gap size g is
2mm and the substrate (Roger Duroid 5870) thickness ¢ is 3.175mm. The extracted S-matrix
from a wide band (DC to 12GHz) full wave simulation is plugged into circuit simulator to

perform transient simulation shown in Fig. 5.5 (b). The S-matrix is composed of two ports
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Figure 5.5: EM-circuit co-simulation models. (a) Full wave simulation model with
periodic boundaries, perfect electric conductor at top and bottom while perfect
magnetic boundary at two sides. The unit cells of the metasurfaces are with
width w = 18mm, gap size g = 2mm, substrate (Rogers duroid 5880) thickness
t = 3.175mm, gap lumped port and via lumped ports are assigned. (b) Solved EM
model of the surface is plugged into the circuit simulator, with its lumped port
connected with absorbing resistors at the gap and switches at the vias, with its two
ports connected with wave ports to feed input waves.

at top on the left and right indicating transmitting and receiving ports with characteristic
impedance same with the TEM waveguide. The gap ports are assigned resistors with
resistance R = 10kQ while the via ports are assigned to ideal switches which could control
the vias to be conducted to the ground (switches on) or not (switches off), reconfiguring

the surface to be HIS or periodic patches. A traveling square wave, which could modulate
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the switch to be on and off following a sequence, is transmitted through a 50€2 impedance
controlled transmission line from the left to the right. Here we are using square wave for
the modulation is due to the surface unit cells have two discrete states (via conducted or
not), which could be reached with high and low states of the square wave respectively.
The modulation is in a traveling wave manner from WP1 direction towards WP2 direction.
For forward transmission (left to right)/backward transmission (right to left), WP1/WP2
is assigned a source while WP2/WP1 is assigned to be a receiving port. By sweeping all
interested frequencies in the transient simulation, the incident, transmitted and reflected
power of the source could be obtained, thus absorption rate could be calculated from
Equations.5.1. There are several parameters of the square wave for this traveling modulation
could be optimized for this nonreciprocal surface wave absorber, including modulation
wave’s phase velocity, period and duty cycle, targeting maximizing the difference between
the forward absorption and backward absorption rate. Phase velocity of modulation wave
stays the same with the 1st TM mode surface wave phase velocity, which could be extracted
from the dispersion curve from eigenmode simulation of the periodic patches without vias
(approximately same with the speed of light), to ensure the maximum transmission of the
power from the left to the right along the spatial modulation direction. The period and the
duty cycle of the square waves are swept and optimized to give the largest difference in
absorption rate from opposite incident directions. As mentioned above that the periodicity of
the modulation determines the range of up and down shift of the dispersion curve, while the
duty cycle of the modulating square wave determines the modulation depth. One extreme
case is duty cycle to be 0, which indicates vias all off case maximizing the transmission rate.
The other extreme case is duty cycle to be 1, which represents all vias are on forming a HIS,

maximizing the absorption rate. For the proposed non-reciprocal metasurface surface wave

78



Sp?tialtempural modulated HIS surface wave absorber

==Forward transmission
=—=PBackward transmission

ot
e

S
=

0.4

0 . . . . .
22 23 24 2.5 2.6 2.7 1.8
Frequency (GHz)

(a)

Spﬁlttialtemporal modulated HIS surface wave absorber

Absorption Rate

S
o

—Forward incidence

= Backward incidence

= =
= S

=
=

Transmission Rate

0.2

0 ' ' ' ‘ '
2.2 2.3 24 2.5 2.6 2.7 2.8

Frequency (GHz)
(b)

Figure 5.6: EM-circuit co-simulation results. (a) The absorption rate of forward
and backward incidence in transient simulation is extracted with via switches
modulated in a travelling manner at speed of light with period 1.2ns, 1/3 duty
cycle. (b) The transmission rate of forward and backward incidence in transient
simulation.

absorber, the period of the square wave is optimized to be 1.2 ns and the duty cycle is 1/3

accordingly. The absorption rate from forward (left) and backward (right) incidence, shown

in Fig. 5.5 (a) and Fig. 5.5 (b). are simulated and plotted in Fig. 5.6 (a). At 2.55 GHz, the
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peak absorption rate from backward incidence is 86% with a forward incidence to be 28%.

The transmission rate of both directions of incidence are plotted in Fig. 5.6 (b).

5.4 Conclusions

Additionally, the proposed absorber could be functioning as a reciprocal switchable
surface wave absorber. When switches are turned on, the surface is reconfigured to be
HIS surface absorbers, while transparent to the surface wave at the same frequencies when
switches are turned off all the time, which enables the absorber more flexibility.

In summary, we proposed a HIS based time modulated metasurface surface wave
absorber. By using a traveling square wave modulating the HIS’s vias conducting top
patches to the ground, the absorber showed non-reciprocal properties in terms of incidence
direction. At targeting frequencies, when the incident wave travels against the direction of
the modulation, the majority of the power are being absorbed, but transmitted when along
the direction of the modulation.

Chapter 5 is based on and is mostly a reprint of the following paper: A. Li, Y. LI, J.
Long, E. Forati and D. Sievenpiper, ”Time moduated non-reciprocal metasurface surface
wave absorber”, in preparation. The dissertation author was the primary author of the work

in this chapter, and the co-author has approved the use of the material for this dissertation.

80



Chapter 6

Summary and Future Work

6.1 Summary of Work

In this thesis, the advance of applying active electronics on passive metasurface
structures showed unique performances in various of applications, that could not be achieved
with traditional passive structures. The thesis starts with an overview of the metasurface in
their basic properties and applications, discussing their fundamental limitations. Then some
examples of applying active electronics on the metasurface in applications of switchable
absorber, microwave transmitter and non-reciprocal absorbers are demonstrated either
experimentally or in simulation showing the advance properties when the surfaces are active
powered.

Chapter 2 studies a significant property of the resonant metasurfaces, field enhance-
ment. At microwave range, the field enhancement in the cavity of the high impedance
surfaces is proportional to the quality factor of the surface. However, the highest field
concentrates at the gap between neighboring unit cells when shined with normal incident

waves, the magnitude of which is determined by the geometrical factor only irrelevant with
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the surface quality factor. The field enhancement in inferred frequencies are also studied.

Chapter 3 introduces the first transistor based switchable and tunable metasurface
absorbers. A TM surface wave absorbing scenario is specifically addressed, taking advantage
of high impedance surface’s band stop properties that could effectively prevent strong
interference signals leaking through the gaps and discontinuities of the surface. When
transistors are applied to the surface, positioned at the vias, the surface could be reconfigured
thus switching the absorption on or off at different switching states. Also, absorption rate
could also be tuned by applying different biasing voltages to the gate of the transistors.
Two topologies of the switchable absorbers are simulated and fabricated and tested in the
waveguides, showing a consistent results with the simulation. A large panel with a slot in
the middle is fabricated and demonstrated the self adaptive switching capabilities of the
metasurface.

Chapter 4 proposed a new type of RF/microwave transmitter, which could directly
convert DC energy into RF radiation with the help of active loaded metasurfaces. The
concept takes the normal radiation leaky wave mode of the high impedance surfaces, that
could be charged to static DC energy at a charging state and then radiate the charged energy
out at a oscillating state when the switches on the surfaces are turned on simultaneously.
Two topologies of active switches loaded metasurfaces are designed in simulation, then
fabricated and tested, which showed expected decaying sinusoidal output waveforms. This
radiation could be be steered to wanted directions by simply adding delays to the switches
in a row or column or both. The beam steering effect is simulated and demonstrated in
EM-circuit co-simulation.

Chapter 5 brings spatial and time modulation to the metasurface absorbers thus

enables the metasurface absorbers with more flexibility. The high impedance surfaces’
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vias are modulated by turning on and off in a traveling manner along the direction of the
incidence wave. This modulation breaks the symmetry of the dispersion curves of the surface
in terms of forward and backward propagation thus could be optimized to support waves
propagation in one propagation direction but stop the propagation and absorb the wave in
the other propagation direction, presenting non-reciprocal property. The non-reciprocity of
this surface wave active metasurface absorber is demonstrated in EM-circuit co-simulations.

In conclusion, the thesis gives some new concepts and examples and demonstrations
of the benefits brought by the active electronics loading comparing with traditional passive
solutions in terms of switchability, tunability, non-reciprocity as well as new approaches to

antennas and potential new opportunities of microwave devices.

6.2 Future Works

It is just a starting point by applying the existing active electronics onto the meta-
surface. Actually this active loading could be broadened to a variety of passive structures
including antennas, materials and other passive microwave devices. A more compact and
integrated designs are required, for example IC design on top of the metasurfaces could
enhance the performance and functionality [123].

For passive structures there are always fundamental limitations in terms of reciprocity,
bandwidth, thickness, etc. This could be addressed to some extent by active loading and
have great potentials. Non-foster circuit loaded devices, antennas and metasurfaces were
studied and the bandwidth are greatly enhanced. However this approach is not usually stable
when operation power is high nor when working frequencies are high. Time modulation
techniques could be further explored and applied to the surface to enhance the bandwidth

due to it’s wide bandwidth properties [124].
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Additionally, all these active loading approaches could be modified and applied in

higher frequencies in optical frequency ranges.
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